To study the regulation of cell pH by ambient pH, carbon dioxide tension (Pco2), and bicarbonate (HCO3), cell pH was measured in the isolated, in vitro microperfused rabbit proximal convoluted tubule using the fluorescent dye (2',7')-bis-(carboxyethyl)- (5,6) 
Introduction
Systemic acid-base disturbances have profound effects on transepithelial proton secretion and bicarbonate reabsorption in the mammalian proximal convoluted tubule (PCT).' Among others, the following three factors have been shown to be important: (a) changes in luminal pH and [HCO3], (b) changes in peritubular pH and [HCO3] , and (c) changes in ambient carbon dioxide tension (Pco2) (M1) 1 . Abbreviations used in this paper: BCECF, (2',7)-bis4carboxyethyl)- 5, 6 )-carboxyfluorescein; HCO3, bicarbonate; Pco2, carbon dioxide tension; PCT, proximal convoluted tubule; SITS, 4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonate.
Over a wide range (5-40 mM), incremental increases in luminal [HCO3J lead to a linear increase in HCO3 reabsorption in the late PCT (2) (3) (4) (5) . The changes in luminal [HCO3] and pH affect HCO3 reabsorption (or proton secretion) at least in part by changing the rate of the apical Na/H antiporter (6) . increases in peritubular [HCO3J inhibit and decreases in peritubular bicarbonate concentration stimulate net HCO3 reabsorption (4, 5, (7) (8) (9) (10) . Since peritubular pH does not affect the small HCO3 permeability (2) , changes in peritubular [HCO3J exert their influence on transcellular H/HCO3 transport. The recently described Na/(HCO3)3 symporter on the basolateral membrane of the proximal tubule (12-19) is an important mechanism by which changes in peritubular pH and [HCO3] can affect HCO3 reabsorption. Finally, increases in Pco2 have been shown to stimulate and decreases in Pco2 to inhibit HCO3 reabsorption (5, 11, (20) (21) (22) . The cellular mechanisms of these effects, however, are unknown.
To affect transcellular proton secretion or HCO3 reabsorption, changes in luminal [HCO3] and pH have to change the rate of the basolateral base exit to a similar degree as they change the rate of apical proton secretion in the steady state. Similarly, changes in peritubular [HCO3] and pH have to affect the rate of apical proton secretion secondarily. One important mechanism by which these secondary changes might occur is a change in cell pH. Changes in Pco2 are expected to change luminal and peritubular pH equally. Thus, the change in cell pH (which is expected to differ from the change in extracellular pH due to differences in buffer composition) might be the important determinant that regulates HCO3 reabsorption when ambient Pco2 changes. Since cell pH changes are important mediators of HCO3 reabsorption, the independent and interdependent roles of changes in ambient [HCO3] and Pco2 in regulation of cell pH need to be analyzed in order to understand the behavior of the proximal tubule in acid-base disturbances.
The purposes ofthese studies therefore were (a) to compare the cell pH response to For the performance of these studies we chose the technique of in vitro microperfusion of rabbit PCT, which permits adequate control of the acid-base parameters in luminal and peritubular perfusates. Cell pH was measured microfluorometrically using the pH-sensitive dye (2',7')-bis-(carboxyethyl)-5,6)-carboxyfluorescein (BCECF). The results demonstrate that: (a) changes in cell pH in response to changes in extracellular [HCO3] and Pco2 are quantitatively similar for a given change in extracellular pH; (b) the rate of the basolateral HCO3/OH/H transporters is a quantitatively more important determinant of cell pH than is the rate of the apical HCO3/ OH/H transporters; and (c) cell pH defense in response to acute changes in ambient Pco2 is primarily accomplished by the action of the apical Na/H antiporter (recovery from acid load) and the basolateral Na/(HCO3)3 cotransporter (recovery from acid and alkaline loads), whereas chloride-dependent transporters do not contribute to a detectable degree.
Methods
Isolated segments ofrabbit PCT were dissected and perfused in vitro as previously described (23) . Briefly, kidneys from New Zealand white rabbits, killed by decapitation, were quickly removed and cut into thin (-1 mm) coronal slices. Cortical PCT (51 and S2 segments) were dissected in the cooled (4°C) control solution of the respective experiment (Table I) . Late PCT, as defined by their attachment to straight tubules, were not used. The tubules were transferred into a bath chamber with a volume of 150 ,ul. Bath fluid was exchanged continuously at about 10 ml/min, thus permitting a complete bath fluid exchange within -1 s, as reported previously (17) . Bath pH was continuously monitored by placing a commercial, flexible pH electrode into the bath (MI 21960, Microelectrodes, Inc., Londonderry, NH). The actual bath pH values varied by ±0.02 pH units from the desired values (pH meter 145, Corning Medical, Medfield, MA). Bath solutions were preheated to 38°C and equilibrated with the appropriate gasses to obtain the desired Pco2 (see Table I ). Just before the bath chamber, a specially designed heater (glass tubing surrounded by a coiled high-resistance heating wire) was placed in line and connected to a power supply. With this setup, bath temperature could be held constant at 38±0.5°C. The fluid in the perfusing pipette was exchanged continuously at a rate of 2 ml/min through hydrostatic pressure and a constantly open efflux valve. The time lag between the change from a control to an experimental luminal solution and its appearance at the most proximal portions of the perfused tubule was -10 s. This was repeatedly confirmed by recording the fluorescence signal at the tip of the perfusing pipette when an exchange was performed to a solution containing a fluorescent dye (BCECF salt). At a perfusion rate of 10 ml/min the bath lag time was 4 s. Thus, a coordinated fluid exchange (bath fluid changed 6 s after luminal fluid exchange) permitted synchronization of luminal and bath fluid exchanges.
The perfusion solutions used in this study are listed in Table I . 4-Acetamido-4'-isothiocyanostilbene-2,2'-disulfonate (SITS) was obtained from International Chemical and Nuclear (Cleveland, OH). Amiloride was purchased from Sigma Chemical Co. (St. Louis, MO).
Cell pH measurement. After allowing the tubule to equilibrate at 38°C for 15 min in the control solution, the tubules were loaded with the acetoxymethyl (AM) derivative of BCECF (BCECF-AM, Molecular Probes, Eugene, OR) from the bath in a concentration of 4 ,uM, as described previously (17) . The tubules were loaded for 5-8 min. The first fluorescence measurements were made not earlier than 5 min after loading because inracellular cleavage ofthe ester bonds of BCECF-AM constitutes a small acid load to the cell. When two protocols were performed using the same tubule, the tubules were allowed to equilibrate with the new control solution without light exposure for 5 min.
Fluorescence measurements were made with an inverted fluorescent microscope (Fluovert, Leitz-Wetzlar) using a X 25 objective. An adjustable measuring diaphragm was appropriately placed over the tubule and opened to about ;tm square. The tubule length exposed to the bath fluid was 300-400 gm. Background fluorescence was measured before loading the tubule with the dye. After this measurement, the measuring diaphragm was left in the same place for the entire experiment. The signal-to-background ratio at the end of the experiments varied from about 25 to 100 at 500 nm and from about 15 to 65 at 450 nm excitation.
BCECF has a peak excitation at 504 nm that is pH sensitive and an isosbestic point at 436 nm, where fluorescence is independent of pH. Peak emission is at 526 nm (14) . Fluorescence was measured as previously described (14, 17) , alternately at 500-and 450-nm excitation and at an emission wavelength of 530 nm (interference filters, Corion Corp., Holliston, MA). After correcting all measurements for back- ground, the means of two 500-nm excitation measurements were divided by the 450-nm excitation measurement between them, thereby yielding the fluorescence excitation ratio (F500/F450). For each determination, these measurements were performed twice and their mean used to estimate cell pH. The use of the ratio provides a measurement that is unaffected by changes in dye concentration (24) . To convert fluorescence excitation ratios to an apparent cell pH value, results of our previously reported intracellular calibration were used (17) . In brief, tubules were calibrated by perfusion with well-buffered solutions (25 mM Hepes, 33 mM phosphate) containing nigericin (a K/H antiporter, 7 uM) and 66 mM K. In some studies, the rate of cell pH change was calculated, as described previously (17) . During a fluid exchange, fluorescence was followed at 500-nm excitation on a chart recorder (LS 52, Linseis Inc., Princeton Junction, NJ). The slope of a line drawn tangent to the initial deflection (dF50o/dt) defined the initial rate ofchange in 500-nm fluorescence. Because fluorescence with 450-nm excitation is pH insensitive (14) , it can be considered constant. By measuring fluorescence at 450 nm before and after the fluid exchange, the actual value of the 450-nm excitation at the time of the initial deflection of 500 nm was determined by interpolation. The rate of change in the fluorescence excitation ratio [d(F500/F450)fdt] was then calculated using the
Because the slope of the line of our intracellular calibration curve (17) bath perfusates were changed simultaneously to solutions with a Pco2 of 40 mmHg containing either 9.5 mM (pH = 7.00), 12.5 mM (pH = 7.12), 60 mM (pH = 7.80), or 95 mM (pH = 8.00) HCO3 (solutions 2, 3, 5, and 6, respectively, Mechanisms ofcell pH response to acute changes in Pco2. To examine the largely unknown mechanisms of cell pH response in the mammalian PCT to acute changes in ambient Pco2, we investigated the cell pH response to an acute increase in Pco2 (40-105 mmHg, external pH change from 7.4 to 7.0, solution 1, Table I ) and an acute decrease in Pco2 (40-10 mmHg, extemal pH change from 7.4 to 8.0, solution 1, Table   I ). For each change, the cell pH response was examined in paired studies under the following four conditions: (a) presence and absence of Na in luminal and bath perfusates, (b) presence and absence of Cl in luminal and bath perfusates, (c) absence and presence of 1 mM bath SITS, and (d) absence and presence of 1 mM luminal amiloride. Fig. 4 shows a typical tracing of the changes in fluorescence intensity in response to an acute increase in ambient Pco2 from 40 to 105 mmHg and serves to illustrate our analysis of the data. The intensity of fluorescence is indicated by the height of the bars. Measurements of 450-nm excitation wavelength are indicated by stars, while all other bars and the recordings during transients are 500-nm excitation measurements. The rapid CO2 entry decreases 500-nm fluorescence intensity. This initial change (a in Fig. 4 Fig. 4) represents the cell pH defense and its rate was calculated as described in Methods. The change of the 500-nm excitation intensity at the new steady state (c in Fig. 4 (Tables IV and V) . No late alkalinization was observed as described for the rabbit S3 segment (27) or the rat PCT (28, 29) . In all other protocols, baseline cell pH values were not significantly different in control and experimental periods.
Discussion
Relative roles ofambient pH, HCO3 and Pco2 as determinants ofcell pH. When ambient pH was changed, the resultant cell pH change was not statistically different whether ambient pH was changed by varying extracellular [HCO3J or Pco2 (Table   II ). All cell pH changes were in the same direction but smaller than the imposed extracellular pH change. When Pco2 and [HCO3] were changed simultaneously such that pH was constant (isohydric changes), cell pH did not change significantly (Table III) . These findings are consistent with the observation in the rabbit PCT that ambient pH is the main regulator of HCO3 reabsorption (5) and phenomenologically suggest that ambient pH is the main determinant of cell pH. However, the correlation of steady-state cell pH with extracellular fluid pH is also consistent with separate effects of extracellular [HCO3] or Pco2 which are of similar magnitude.
In fact, based on our understanding of the mechanisms involved, this explanation is more likely. The major effect of ambient [HCO3] on cell pH is via the SITS-sensitive basolateral membrane Na/(HCO3)3 transporter (Figs. 2 and 3 found by Alpern and Chambers in the rat PCT (26) . In agreement, we found that a decrease in luminal [HCO3J from 25 to 6.25 (luminal pH change of -0.6 pH units) decreased cell pH by only 0.05 pH units (Fig. 2) , while an increase in luminal [HCO31 from 25 to 95 mM (luminal pH change of +0.6 pH units) increased cell pH by 0.04 pH units (Fig. 3) . These small changes in cell pH could be explained assuming that a decrease in luminal pH would slow the apical Na/H antiporter, which would acidify the cells. Cell acidification, however would be expected to inhibit the basolateral Na/(HCO3)3 secondarily, which would attenuate the cell pH change. The reverse would be true when luminal [HCO3J is raised. In support of this, in the presence of inhibition of the basolateral Na/(HCO3)3 cotransporter, changes in luminal [HCO3] induced much larger cell pH changes (Figs. 2 and 3) . Thus, in the rabbit PCT, cell pH is primarily determined by the activity of the basolateral Na/ (HCO3) [HCO5]j = 0.03 -Pco2* 10 pH1-pK, (1) (2) 40 to 10 mmHg.3 The nonbicarbonate buffering power was 18.3±2.3 mmol/liter pH unit when Pco2 was increased and 16.8±2.4 mmol/liter * pH unit when Pco2 was decreased (NS). The total buffer capacity is obtained when the buffering pwer ofintracellular [HCO3J/CO2 is added. The total buffer capacity calculated when using increases in Pco2 was 62.2±7.4 mmol/ liter-pH unit and when using decreases in Pco2 was 60.4±9.3 mmol/liter* pH unit (NS, n = 8). These values are lower than our previously reported buffer capacity using another method (rapid NH3 washout) of 84.6±7.3 mmol/liter pH unit in the presence of ambient Pco2 (total buffering power) and 42.8±5.6 in the absence of exogenous CO2 (approximating nonbicarbonate buffering power, [ 17] ). The reason(s) for these differences are unclear. 4 Our studies show that cell pH recovery from an acute decrease in Pco2 (from 40 to 10 mmHg, ambient pH change from 7.4 to 8.0) is sodium-dependent and chloride-independent and is inhibited by peritubular SITS, while luminal amiloride has no effect (Table V, Fig. 7 ). Cell pH recovery from an acute increase in Pco2 (from 40 to 105 mmHg, ambient pH change from 7.4 to 7.0) is also sodium-dependent and chloride-independent. Recovery can blocked, however, both by luminal amiloride and peritubular SITS (Table IV, Figs. 5-7).
Defense of intracellular pH could be effected by apical (35) (36) (37) (38) and basolateral (28, 39, 40) Cl/base exchangers. Chloride-dependence of the cell response to an acute alkaline (but not acid) load has been described in leukocytes (41) . In addition, in canine proximal tubule cells, recovery from an alkaline load (induced by NH3) has been found to be chloride-dependent (42) . Our results demonstrate, however, that the contribution of Cl/base exchange mechanisms to cell pH defense in response to acute changes in Pco2 is small or nonexistent in the rabbit PCT (Tables IV and V) . The lack of importance of chloride-coupled transporters in cell pH regulation agrees with and ApHi is measured directly. Bco2, the buffer capacity of C02/ HCO3, can be calculated according to the formula (34): Bco= 2.3 [HCO-]i. (3) Hence, the total buffer capacity, BT, is given by: BT = B1 + BcO2- (4) It should be noted that the buffer capacity was determined without inhibition of cell pH defense (e.g., luminal amiloride, bath SITS). In view of the fact that the rates of cell pH defense were on the order of 0.1-0.2 pH units min-' and the rates of cell pH change after sudden changes ofPco2 were above 5 pH units min-', failure to inhibit cell pH defense should not have affected the estimates of buffering power significantly. 4 . The differences may be due in part to the fact that the previous results were obtained using solutions buffered with Hepes. If Hepes enters the cells, it could contribute to the nonbicarbonate buffer capacity. When the buffer capacity was estimated (NH3 washout, 1 mM amiloride in lumen and 1 mM SITS in the bath fluid to minimize cell pH defense) in the same tubule using HCO3-buffered solution with and without addition of HEPES (25 mM), we found that addition of Hepes increased our estimate of buffer capacity by -8-10 mmol/liter * pH unit (n = 4). These preliminary observations and the permeability of Hepes into proximal tubule cells need further studies. Metabolic production of HCO3 is unlikely to have contributed significantly to the buffer capacity determined in our previous study. The intracellular [HCO3] produced by metabolism is probably < 0.4 mM (17) . Thus, the contribution of metabolically produced HCO3 to the buffer capacity would be at most 1 mmol/liter pH unit. previous studies which have found that chloride removal does not affect the rate of bicarbonate absorption in the rabbit PCT and PST (43) (44) (45) .
The sodium dependence, along with the SITS and amiloride sensitivity of the cell pH defense, demonstrate an important role for the Na/H antiporter and the Na/(HCO3)3 symporter. This latter transport system defends cell pH in response to both increases and decreases in Pco2. The lack of effect of amiloride on the cell pH response to a decrease in Pco2 suggests that changes in Na/H antiporter rate are quantitatively less important in this setting. Because of the low intracellular Na concentration, the antiporter may be expected to transport protons out of the cell even when Pco2 is decreased. However, the increase in cell pH could slow the antiporter rate by allosteric (down)regulation (33) . Therefore, further inhibition of the transporter by amiloride may be undetectable.
In conclusion, our studies demonstrate that (a) ambient [HCO3] and Pco2 have quantitatively similar effects on cell pH in the rabbit PCT; (b) the basolateral Na/(HCO3)3 cotransporter is a more important determinant of cell pH than the luminal HCO3/OH/H membrane transport processes; (c) cell pH response to acute changes in Pco2 is primarily dependent on the basolateral Na/(HCO3)3 cotransporter (acid and alkaline loads) and the luminal Na/H antiporter (acid loads), while Cl/base exchange processes do not contribute significantly.
